In this article, iron nanowire is synthesized by reducing Fe 2+ ion with excessive sodium borohydride in deionized aqueous solution. A kind of dimorphic magnetorheological gel is prepared by partial substitution of carbonyl iron particles with Fe nanowires. Several experimental devices based on the dimorphic magnetorheological gel were fabricated, and the magneto-resistance characteristics under a magnetic field of those devices are systematically tested to research the influence of the Fe nanowire on the conductivity of magnetorheological gel. The experimental results indicated that by adding a certain amount of Fe nanowire, the conductivity of the dimorphic magnetorheological gel can be greatly improved. Moreover, it can be seen that the conductivity of sample 4 (with 6 wt.% Fe nanowire) is increased by about 100 times than sample 1 (without Fe nanowire). The mechanism of Fe nanowire enhances the conductivity of the dimorphic magnetorheological gel, which is investigated by microstructure analysis.
Introduction
At present, the alternating current (AC) induction motors have been widely used in industrial production and almost all aspects of daily life. However, if the AC motor (especially the large motor) is started directly, the startup current would strongly affect the normal operation of other loads of the public network, which leads to potential safety hazard of the power network. In addition, the direct startup can also cause electric shock and mechanical shock on the motor itself and its driven equipment, resulting in accelerated motor insulation aging and mechanical damage. Motor soft start is a common way to solve such problems. Heavy-load soft start can be realized using liquid resistance soft start technology. Because of its advantages such as large heat capacity, lower price, resistance of continuous adjustment, and low harmonic generation, the liquid resistance soft start technology has been intensively applied. However, problems like the following still exist in the use of high-pressure water resistance: first, water resistance soft starting device is greatly affected by ambient temperature, which restricts its application occasions; second, the volume of the water resistance box is so huge that its use and maintenance become difficult. These problems hinder the further promotion of the liquid resistance soft start.
While the defects of liquid resistance can be overcome by magnetorheological gel (MRG), as a composite fluid of ferromagnetic particles in high-viscosity polymer gel, MRG is a new type of magnetorheological materials . Similar to other magnetorheological materials, the properties of MRG can be controlled continuously by an external magnetic field. When a magnetic field is introduced, the magnetic particles in the MRG can self-assemble to form chains (Ju et al., 2013) and the mechanical and electrical properties of MRG will undergo dramatic changes in this process Tian et al., 2011; Wilson et al., 2002) . It is emphasized that the change in the properties is reversible. That is to say, when the magnetic field is removed, the ferromagnetic particles of the MRG will return to the original position because of the absence of magnetic interactions An, Sun, Picken, et al. (2012b) . The reversible electrical properties of MR materials are very interesting and have attracted a large number of scholars to conduct study (Ge et al., 2016; Wang et al., 2016 Wang et al., , 2017 . Ioan Bica (2010) reported that the electrical conductivity of magnetorheological elastomers (MRE) can be modified in magnetic field, and the electrical conductivity of MRE is considerably influenced by the intensity of the magnetic field. Wang et al. (2009) analyzed the combination effects of deformations and applied magnetic fields on the electrical response of MREs using the impedance spectroscopy technique, and they concluded that the resistance of MREs can be changed considerably by the application of magnetic fields and mechanical force. Tian et al. measured the resistance of graphite-based MREs under different magnetic fields and external loadings. They claim that the resistance of the MRE sample indicates a decline in the graphite weight fraction and increased with the increase in external magnetic field (Tian et al., 2011) . Our research group also studied the influences of magnetic field on the resistance characteristics of MRG (Yu et al., 2014 . We found that the MRG exhibited giant magneto-resistance properties and shows a downward trend with the increase in magnetic field. It can be seen that the MRG and liquid resistance have similar variable resistance characteristics. The difference is that the resistance of MRG is adjusted by applied magnetic field, whereas liquid resistance changes by mechanical adjustment plate spacing. Moreover, the MRG overcomes the shortcomings of liquid resistance. Inspired by this, it is possible to use MRG instead of liquid resistance applied to motor soft start.
However, the resistance of current MRG is about 1 MO when applied 1 T magnetic field which can be seen from our previous work (Yu et al., 2014) . It is necessary to find a way to reduce the resistance of MRG as the resistance of MRG is too large for the motor soft starting. For this process, the iron nanowire was synthesized by reducing Fe 2+ ion with excessive sodium borohydride in deionized aqueous solution, and a dimorphic MRG was prepared by partial substitution of carbonyl iron particles (CIPs) with iron nanowire (Sedlacik et al., 2013 (Sedlacik et al., , 2016 . In this article, five experimental devices based on the dimorphic MRG which is doped with iron nanowire are prepared, and the magneto-resistance characteristics of those devices are systematically tested and analyzed comprehensively. 
Experimental

Raw materials
Synthesis of Fe nanowires
The iron nanowire is synthesized by reducing Fe 2+ ion with excessive sodium borohydride in aqueous solution. First, 4.5396 g NaBH 4 was dissolved in 100 mL deionized water under magnetic stirring. Then, the 2.78 g FeSO 4 .7 H 2 O and 3.25 g PVP were mixed in 200 mL deionized water and stirred intensively for 30 min. Finally, the NaBH 4 solution and mixed FeSO 4 .7 H 2 O solution were slowly dropped into the reaction tank of chemical plating. The reaction system keeps being gently stirred and the temperature is maintained at 30°C for 40 min. The final iron nanowire was obtained after repeated washing with deionized water and drying.
Preparation of MRG samples
The dimorphic MRG samples based on iron nanowire were fabricated. The matrix of the dimorphic MRG is polyurethane and the polyurethane matrix is mainly synthesized by MDI and CO. Generally, there were three steps to fabricate the dimorphic MRG. First, in order to remove the water introduced by air, the received CO was distilled with a vacuum drying oven for about 30 min under a temperature of 110°C. Then, the CIPs and iron nanowire were added into the CO solution, and the mixture was stirred at 200 r/min with an agitator until mixed evenly. Second, the MDI and catalyst stannous octoate are added into the mixture. After that, the mixture was put into a water bath with a temperature of 80°C and high-speed stir for about 45 min. Finally, the mixture was transferred to a drying oven for solidifying about 1.5 h with the temperature at 80°C. And the target MRG sample can be received after putting aside several days in the atmosphere. In this way, five dimorphic MRG samples with partially doped iron nanowires have been prepared. Moreover, in order to ensure that the polyurethane matrix possesses the same properties, the mole ratio of CO to MDI in all the prepared dimorphic MRG was set as 3:1. Two kinds of magnetic particles are used in the dimorphic MRG, and the specific composition of the dimorphic MRG samples is shown in Table 1 .
Experimental device fabrication
The experimental devices with a sandwich structure have been fabricated to measure the magneto-resistance characteristics of dimorphic MRG. The schematic diagram and photograph of the experimental device are shown in Figure 1 . It mainly consists of the Cu electrodes, plastic frame, and dimorphic MRG sample. When the experimental devices were fabricated, the square plastic frame was bonded to one of the Cu electrode by cyanoacrylate, and then, the dimorphic MRG sample was injected into the square plastic frame. After the cavity was filled fully, the other Cu electrode was attached to the plastic frame.
Characterization
The microstructure images of the obtained Fe nanowires were observed using a scanning electron microscope (SEM; TESCAN MIRA3 FEG) and the crystal structure was tested by an X-ray diffraction (XRD) with a Cu-Ka radiation. The magnetic hysteresis loops (M-H curve) of the as-prepared Fe nanowire and CIPs used in this study are measured via a vibrating sample magnetometer (VSM; Lake Shore 7407) at room temperature. The viscosity of the MRG samples which contain different iron nanowire is tested by Anton Paar Physica MCR 301 parallel-plate rheometer under a temperature of 25°C. A homemade test system for testing the magneto-resistance characteristics of the dimorphic MRG is shown in Figure 2 . It can be seen that the dimorphic MRG resistor device was placed between the two magnetic poles, and the magnitude of the applied magnetic field is generated by the direct current (DC) power supply. The magnetic induction density was acquired from the power control, and the resistance value of the dimorphic MRG resistor device was recorded by a digital multi-meter (Fluke 2400; Fluke Electronic Instrument Co., Ltd., USA). All the test conditions were controlled by the electromagnet system (EMP-5; Chenjing technology Inc., China). In this research, the effects of the addition of iron nanowire on the resistance value of the dimorphic MRG resistor device were tested and all the experiments are accomplished under room temperature.
Results and discussions Figure 3 shows the SEM micrograph and the XRD pattern of the obtained Fe nanowire. It can be seen from Figure 3 (a) that the Fe nanowire structure consists of a large number of randomly distributed nanoparticles gathered together, and its shape is variable, with the shape of high anisotropy. In addition, the diameter of iron nanostructure is about 70-100 nm, which is due to the aggregation and superposition of nanoparticles. The XRD patterns of the as-prepared Fe nanowires are given in Figure 3 (bcc) Fe crystal (JCPDS card no. 06-0696) (Yu et al., 2015) . In addition, there are no impurities for the characteristic peaks that are detected in the XRD patterns, which reveals that the prepared Fe nanowires are well crystallized. The magnetic properties of the CIPs and as-prepared Fe nanowire are characterized and given in Figure 4 . The as-prepared Fe nanowires show a typical ferromagnetic behavior; the saturated magnetization (Ms), remnant magnetization (Mr), and coercivity (Hc) values are approximately 142.36 emu/g, 14.49 emu/g, and 352.68 Oe, respectively. Meanwhile, the CIPs exhibit soft magnetic properties, and the Ms, Mr, and Hc values are approximately 209.40 emu/g, 0.96 emu/g, and 27.51 Oe, respectively. Here, compared with the CIPs, the lower Ms of the Fe nanowires may owe to the large surface-to-volume ratio and thin oxidation layer formed on the surface (three-dimensional (3D) flowerlike NiCo alloy nano/microstructures grown by a surfactant-assisted solvothermal process).
The resistance of MRG under magnetic field
All the MRG samples were encapsulated as experiment device which is named as dimorphic MRG resistor device. And the resistance of MRG resistor was measured by the test system (as shown in Figure 2) . The resistance value of the MRG resistor which is Figure 4 . And the intensity of the external magnetic field is 1 T. It can be seen from Figure 5 that after magnetic field is applied on the device, the resistance of MRG resistor drops rapidly first and then reduced slowly until reaching a stable value after 80 s. This phenomenon could be called hysteresis effect which has been discussed by An et al. (2012b) . It is known that when there exists a certain density of magnetic field strength in the dimorphic MRG resistor device, a powerful magnetic dipoledipole interaction between particles will be generated and the particles will be driven by the magnetic force to form chainlike structures, resulting in the reduction of the resistance in MRG resistor (Xu et al., 2013) . The movement of the CIPs and Fe nanowires may subject to a variety of obstacles, mainly to the viscous resistance of polyurethane matrix (Pang et al., 2015) . Therefore, the movement process is slow, which shows that the resistance value of MRG resistor undergoes a considerable period of time before reaching a stable value. In order to compare the experimental results of different MRG samples, the resistance value of 160 s was recorded for each resistor. And all the experiment data are discussed in the following section.
Effect of Fe nanowire content on the MRG conductivity under magnetic field
The magneto-resistance value of the dimorphic MRG resistor devices under various magnetic fields have been tested and the results are shown in Figure 6 . It is clear that the external applied magnetic field has a great impact on the electrical conductivity of the MRG resistors, and with the increase in magnetic field, there is an evident decrease in the resistance value of all the MRG resistors. For example, when the magnetic field changed from 0.1 to 1 T, the resistance value of MRG resistor device with 6 wt.% Fe nanowire doped dropped from 732.47 to 0.04 MO. Meanwhile, it is clear that the resistance value of MRG resistors decreased basically with the increase in doping content of iron nanowire. It indicates that adding iron nanowires can reduce the resistance value of MRG, thus promoting the application of MRG in the field of motor soft start.
It is confirmed that a chain or columnar structure of magnetic particles would form in the MRG sample when a magnetic field is externally applied. An additional experiment was done to verify this point. In this additional experiment, a MRG sample contains 60 wt.% CIPs that have been prepared in the same method as described before. But there are some differences in the polyurethane matrix, that is, the value of n OH /n NCO was set as 1.1:1. And the mixture that has been solidifying about 1.5 h will be injected into an aluminum mold. Then, the mold continued to solidify under a constant magnetic field of 0.6 T. In this way, the chain structure of particles formed in the magnetic field can be fixed in the matrix. The distribution of CIPs in this MRG sample was observed and given in Figure 7 . It can be seen that with the existence of magnetic field, the CIPs' self-assembly forms a chain structure along the magnetic field. However, most of the chains are relatively short and there is a large gap between the short chains. This is one of the reasons why the resistance value of MRG is very big. The rodshaped Fe nanowires just can make up for the inadequacy of globular CIPs. The sketch of the rearrangement of CIPs in MRG with partial substitution by Fe nanowire under the magnetic field is given in Figure 8 . As shown in Figure 8(a) , in the absence of magnetic field, the Fe nanowires and CIPs are randomly dispersed in the polyurethane matrix. When the external magnetic field was applied, the Fe nanowires and CIPs align along the field direction, and the Fe nanowires can connect the space between the short chains of CIP, as shown in Figure 8(b) . In addition, with the increased intensity of the magnetic field, the orientation of Fe nanowires and CIPs is better, and dense long chains have been formed with the help of the iron nanowire as shown in Figure 8 (c). Through the above analysis, it can be known that the addition of Fe nanowire is conducive to the formation of a better conductive path in MRG, resulting in a smaller resistance value of MRG resistor.
When the magnetic field is larger than 0.4 T, the resistance value of MRG resistor of sample 2 is higher than sample 1, which can be seen from Figure 6 . The possible reason is that compared with the carbonyl iron powders, the Fe nanowires have a larger specific surface area, and this results in the increase in friction between particles and polyurethane matrix. Under the same magnetic field, the range of movement of iron nanowires is smaller than CIPs. Thus, the decrease in resistance of MRG resistor by the iron nanowires filling the gap between short CIP chains has been weakened since the total mass fraction of ferromagnetic particles in all the MRG samples is identical. In addition, the resistance value of MRG resistor has not been declined with the increase in the mass fraction of Fe nanowire. As shown in Figure 6 , as soon as the weight fraction of Fe nanowire content exceeded 6 wt.%, the resistance value begins to increase again. For instance, the resistance value increases from 0.04 MO of sample 4 (with 6 wt.% Fe nanowire) to 0.67 MO of sample 5 (with 8 wt.% Fe nanowire). This is largely due to the following two reasons: one is that with the increase in Fe nanowire, the viscosity of MRG increased (as shown in Figure 9 ), and high viscosity is not conducive to the formation of chain structures. With the decrease in CIP content, the number of short chains formed by CIP decreased, resulting in the decreased effect of Fe nanowire that fills the gap of short CIP chains.
Conclusion
In summary, Fe nanowire is prepared by a simple method of chemical reduction under normal temperature. The morphology and structure of Fe nanowires are detected. Through partial replacement of CIP with Fe nanowire into the current matrix, a new type of dimorphic MRG was prepared in this work. Several MRG resistor devices based on those dimorphic MRGs with the same CIP mass fraction were fabricated and their field-dependent resistance is also tested. The experimental result of this article shows that the addition of Fe nanowire is helpful to reduce the resistance of MRG under magnetic field. By adding only 6 wt.% of Fe nanowires, the resistance value of the dimorphic MRG was reduced 105 times than the traditional CIP-based MRG, reaching 0.04 MO when the external magnetic field is 1 T. This work is expected to provide a way for reducing the resistance of conventional MRG. The resistance value of these MRG is still quite large for motor soft start. Further research needs to be done to reduce the resistance value of the MRG; the resistance of the matrix was reduced by adding carbon black, graphite, and other conductive fillers.
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